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Abstract

The rising demand for high-performance battery modules in sustainable energy applications
has highlighted the importance of reliable and efficient manufacturing processes. This master’s
project presents the design, implementation, and evaluation of a CNC-based resistance-spot-
welding robot conceived for APR Technologies.

The system integrates CNC-based motion control using GRBL, pneumatically actuated welding
electrodes and a novel side-welding mechanism that rotates and lifts to access all sides of a
battery module. A three-point calibration routine enables correction for module misalignment,
while reed sensors on the actuators detect electrode sticking events, pausing operation.

A multithreaded Python GUI, iteratively refined with operator input adds production tracking, real-
time diagnostics, keyboard jogging, and a configurable settings panel. An external current sensor
logs current and pulse duration for every weld, enabling in-process quality monitoring.

Testing on a 154-cell dummy module with copper tabs demonstrated a sustained throughput of
1650 welds/h, surpassing the 1500/h requirement. In destructive peel tests, every weld that fell
inside the 1.1–1.5 kA, 18–30 ms acceptance window withstood peel forces > 10N , pulses outside
this window were automatically flagged for review, confirming effective quality assurance. The
side-welding mechanism produced joints of comparable strength while maintaining full-module
coverage.

While the system fulfils its functional goals, some limitations remain, including reliance on manual
calibration and the use of a hobby-grade weld module with limited diagnostic capabilities. Future
improvements should focus on automated, vision based calibration, the designing of a improved
custom made weld module and on compliance with industrial safety standards. Overall, the
project demonstrates the feasibility of a low-cost, modular welding solution tailored to the specific
needs of battery module production.
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Populärvetenskaplig sammanfattning

I takt med att efterfrågan på kraftfulla batterilösningar ökar, växer också behovet av
smarta och effektiva tillverkningsmetoder. APR Technologies har tidigare använt en
enklare robot för att punktsvetsa samman battericeller, men den var instabil, saknade
kvalitets- och säkerhetsfunktioner och var dessutom svår att använda.

I detta examensarbete har en ny robot utvecklats för att lösa dessa problem. Roboten kan
inte bara svetsa ovanifrån, utan även längs alla sidor av en batterimodul – en funktion
som verkar vara ovanlig bland kommersiella system. Den bygger på CNC-teknik med
stegmotorer, har ett användarvänligt grafiskt gränssnitt och använder snabba, trycklufts-
drivna ställdon.

För att säkerställa kvaliteten loggar systemet både ström och svetstid för varje svets-
fog. För att undersöka sambandet mellan dessa parametrar och fogarnas hållfasthet ge-
nomfördes ett destruktivt test där fogarna drogs isär. Resultaten visar att alla fogar inom
godkända ström- och tidsintervall klarade krafter över 10 Newton – vilket uppfyller
kravet på hållfasthet. Systemet kan dessutom pausa automatiskt vid fel, till exempel om
svetselektroderna fastnar.

Utöver hårdvaran har ett nytt grafiskt användargränssnitt utvecklats i dialog med ope-
ratörerna av den gamla roboten. Roboten kan nu styras med tangentbord, produktionen
kan följas i realtid och diagnostik visas direkt på skärmen. All svetsdata sparas dessutom
automatiskt.

Trots goda resultat finns flera förbättringsområden: kalibreringen görs fortfarande ma-
nuellt, och svetspulsgeneratorn är av en enklare modell. Nästa steg är att införa bildi-
genkänning för automatisk kalibrering, utveckla en specialdesignad svetspulsmodul och
säkerställa att systemet uppfyller industrins säkerhetskrav.

Sammantaget visar projektet att det är möjligt att bygga en flexibel och prisvärd svets-
robot för tillverkning av batterimoduler med relativt enkla medel – något som kan spela
en viktig roll i omställningen till ett mer elektrifierat samhälle.
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1 Introduction

1.1 Background

The rising demand for high-performance battery modules in sustainable energy applica-
tions has highlighted the importance of reliable and efficient manufacturing processes.
Within APR Technologies, a CNC-based robotic system is currently employed for join-
ing battery cells with spot-welded copper. However, this system’s functionality is lim-
ited, as it can only weld the top surfaces of the modules. The sides of the modules still
require manual welding, which poses challenges in maintaining consistency and quality.
The old system can be seen in figure 1.

Additionally, the robot lacks automated systems for quality assurance and safety mech-
anisms to handle common operational faults, such as detecting and managing issues
with stuck copper sheets. These limitations result in reduced productivity and increased
manual workload, underscoring the need for significant improvements.

Figure 1: Old welding robot used at APR for prototype production.

To address these challenges, the development of a new system has begun at APR. At the
start of this project, most of the hardware enabling XY motion had already been con-
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structed (see Figure 2). However, none of the issues outlined above—such as the lack of
quality assurance, absence of safety mechanisms, and inability to weld the sides—had
been resolved. This project aims to tackle these challenges and deliver a robust solution.

Figure 2: This is the beginning of a new battery spot-welding robot, currently in an
unfinished state. The construction features two ball screws, each driven by a stepper
motor. These ball screws move two platforms, which are mounted on linear guide rails
using linear bearings. An unfinished control box containing the motor drivers has also
been built to manage the stepper motors.

The user interface of the previous system, shown in Figure 3, features controls for man-
ually moving the robot along the X, Y, and Z axes. Operators can select between three
speed levels and load configuration files containing pre-programmed layouts of specific
battery modules. When a configuration file is loaded, a visualization of the module is
displayed in the gray box, where blue circles represent the negative poles and red circles
represent the positive poles of the battery cells. The primary issue with the interface is
that it runs on a single thread, meaning that once the robot starts performing a series of
movements, it cannot be stopped until the movements are finished, posing a safety risk.
In addition to addressing this issue, an interview study with machine operators will be
conducted to identify further improvements for the GUI.

1.1.1 Overview of Resistance Spot Welding Machines for Battery Produc-
tion

Several companies, such as SEMCO Infratech [10], Amada Weld Tech [1], WinAck
Battery [12], and TMAX Battery Equipment [11], manufacture resistance spot welding
machines specifically designed for battery production. Among the four machines anal-
ysed the companies report that they are capable of welding between 1,600 and 3,500
battery cells per hour, which translated to 6400-14000 welds per hour assuming two
welds per pole. The machine from WinAck Battery was able to weld the largest battery
modules, with a size of up to 340� 560 mm.

2



Figure 3: The user interface of the old system

All machines allow for adjustment of welding parameters to accommodate various bat-
tery designs and materials. Notably, the machines from SEMCO and WinAck can weld
both the top and bottom of a battery module simultaneously by positioning the module
on its side [12] [10]. This eliminates the need to �ip the module—a step required when
using machines that weld with the module laid �at, such as the one from TMAX [11]
and the one currently used by APR.

In addition to welding orientation, the actuation mechanisms also play a crucial role
in machine performance. Based on publicly available images and videos of these ma-
chines, it appears that their default con�guration is optimized for welding the top and
bottom surfaces of battery modules, with no evident provision for welding the sides.
This observation may re�ect a difference between the design of APR's battery modules
and the more common designs for which these machines are intended.

Another interesting feature is that the machines from SEMCO and TMAX appear to use
pneumatic actuators to push the welding tool against the battery cells. These pneumatic
actuators help apply consistent pressure during welding, which is critical for ensuring
uniform weld quality and minimizing variations that could affect the performance and
reliability of the battery modules.

While these machines offer high ef�ciency for standard battery designs, their limitations
in side welding highlight the unique challenges addressed in APR's system develop-
ment. This project aims to bridge these gaps by developing a versatile welding system
capable of meeting APR's speci�c production requirements.
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1.1.2 Previous work

Most academic research related to resistance spot welding (RSW) in battery manufactur-
ing focuses on the welding process itself, such as parameter optimization, weld quality
evaluation, and material interactions [8, 9, 5, 6, 3]. These studies often deal with aspects
like current pulse shaping, electrode force, and material selection, but pay little attention
to the development of complete robotic welding systems.

In contrast, information about full systems, including mechanical actuation, quality as-
surance integration, and user interface design, is largely limited to commercial products
[10, 1, 11]. These commercial solutions are often proprietary and lack detailed technical
descriptions or open evaluations. While they demonstrate high throughput and include
features like adjustable weld parameters, their applicability to custom module designs
and side, welding scenarios, such as those in this project—is limited.

As a result, there appears to be a research gap in system-level development of �exi-
ble and safe RSW robots for battery module production. This project aims to address
that gap by exploring not only the welding process, but the design of an entire robotic
solution.

1.2 Delimitations

This thesis was carried out over a twenty-week period with a �xed budget. The deliv-
erable is a pilot-grade spot-welding robot intended for low-volume series production in
the company's R&D facility, roughly tens to one hundred battery modules per month,
rather than a fully certi�ed high-volume line. Within these boundaries, several practical
delimitations apply. An off-the-shelf weld-pulse generator is used, which limits how
�nely the welding parameters can be tuned compared to if it has been custom built.
Welding trials are performed only on one dummy battery module, both for convenience,
safety and because no real module was available for welding during the project. A
formal conformity assessment under the EU Machinery Directive, EMC Directive and
related standards is not undertaken, the system is meant to be operated by trained staff
under local safety procedures.

1.3 Purpose

The purpose of this project is to develop an improved spot-welding robot for battery
modules that can weld all sides of battery modules, ensure high welding quality, and
feature high operational safety. To achieve this, the project addresses the following
main research question:

How can an effective spot-welding robot for battery modules be designed to enable
welding of the top, bottom, and sides of battery modules while ensuring high welding
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quality and safety?

This research question is explored by investigating:

• Sensor technologies and parameters for quality assurance.

• Solutions for detecting and managing operational faults, such as stuck copper
sheets.

• Development and optimization of a closed-loop control system for safe and ef�-
cient robot operation.

• Mechanical solutions enabling side welding of battery modules.

• The design of a user-friendly graphical user interface (GUI) or control panel.
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2 Theory

2.1 Battery modules

When discussing batteries, such as those used in electric vehicles, what is typically
meant is the battery pack. A battery pack is a large battery composed of multiple
smaller battery modules, which, in turn, are made up of even smaller battery cells [5].
The distinction between modules and packs can be somewhat ambiguous, some battery
packs consist solely of battery cells. This design, known as cell-to-pack, minimizes the
amount of inactive material, such as module casings [7]. However, the battery packs in
electric vehicles usually contain thousands of battery cells. For practicality and ease of
handling, these cells are typically grouped into modules.

This report will primarily focus on battery modules, as resistance spot welding is most
commonly employed at this level of battery construction. An example of a battery
module can be seen in �gure 4.

As previously mentioned, battery modules are composed of multiple battery cells, which
are the most fundamental building blocks of battery packs. Individual cells cannot be
used on their own because they require monitoring and control by a battery management
system (BMS), often integrated into the module, to ensure safe operating conditions.
The cells in a battery module can be connected in series (plus to minus) or parallel
(plus to plus) to increase the module's voltage or capacity. A common con�guration
involves groups of cells connected in parallel, which are then connected in series with
other similar groups. This arrangement provides the desired voltage and capacity [5].

Connecting battery cells typically involves welding metal sheets, such as nickel , nickel
plated steel or copper, onto the poles of the cells [5], see �gure 4. Common methods
for welding these sheets to battery cells include resistance spot welding, laser beam
welding, and ultrasonic welding [6] [5]. Another method is soldering which is not
recommended due to the risk of overheating the cells, which can result in permanent
damage [9].

2.2 Resistance spot welding in battery manufacturing

Resistance spot welding (RSW) is one of the most widely used methods battery mod-
ule production in the automotive industry. It works by applying pressure and a large
electrical current to the metals that are to be joined together. The high current, typically
in the range of 1000-2000A [8] [9] [5] will generate heat in the materials according to
P = RI 2 which will cause them to melt and then solidify, forming weld nuggets, see
�gure 5. The weld current often comes in pulses, where the �rst pulse is a preheat pulse
that helps to remove surface contaminants and the second pulse creates the actual weld
[6][9].
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Figure 4: Example of a battery module consisting of 6 rows connected in series, where
each row contains 10 battery cells connected in parallel. All connections are made using
thin metal sheets (orange), which are spot welded onto the individual cells (blue). The
cells are typically held together by a �xture (black). The positive and negative poles of
the module are located at the small holes on the metal sheets seen at the top. These could
be connected using cable lugs.Note: In reality, a battery module would be placed in an
enclosure and equipped with a battery management system, which is excluded from this
�gure for simplicity.

Advantages of RSW are that it is a cheap method that is able to generate high quality
welds. Disadvantages are that it is hard to inspect the welds due to it being located be-
tween two materials and that the quality can vary. Another issue is the risk of electrode
sticking which is when the material sticks to the electrode after welding [6] [9] [2].

2.2.1 Welding parameters

Several parameters, responsible for the quality of the welds will be introduced below.

Welding force is how hard the RSW electrodes press on the metal sheets and is typically
in the range of 30-40 N [3] [8] [5]. A higher welding force will increase the contact area
of the top and bottom metal sheet causing dispersed current paths meaning the heat will
be distributed over a larger area which can lead to the metals not melting properly[8].
However a too low force will lead to increased contact resistance resulting in a higher
risk of the electrode sticking [3].

The welding time of RSW current pulses is typically 10-100ms [8] [9]. It is shown that
a too short welding time causes inadequate melting which results in a poor electrical
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Figure 5: Resistance spot welding used to connect two battery cells in series

connection while a too high welding time generates excessive heat resulting in burn
marks and excessive wear of the electrode tips. As already mentioned in section 2.2
RSW welds usually consist of two current pulses. The time of both these pulses and the
pause between them can all have a effect on the weld quality [9].

The maximum supply voltage of RSW determines the magnitude of the welding current.
The supply voltage together with the welding time are thus responsible for the energy
output. If the power output is too low the metals might not reach melting temperature
or will only melt in small areas causing poor electrical connection. A too high supply
voltage will cause the same issues as a too high welding time, with burnt marks and
redundant metal deformation[9].

The welding tip distance, typically 3.5-6.5mm, affects surface deformation, with shorter
distances causing more due to reduced structural support. Using a higher distance min-
imizes deformation and improves weld quality, but battery geometry often limits this
to the negative pole, making a lower value more practical. While electrical resistance
differences are minimal, placing weld spots away from the battery's centre reduces un-
necessary deformation[8].

Electrode tip temperature affects the resistance in the welding electrode, with a higher
temperature leading to a higher resistance and thus a higher voltage drop. Some battery
resistance spot welding machines such as the one from Winack Battery Equipment use
water cooled electrodes [12]. Using proper cooling is thought to lead to lower the risk
of electrode sticking [3] and increase electrode life.

The choice of tab material welded onto the battery cell strongly affects RSW perfor-
mance. Metals with high electrical and thermal conductivity, such as copper and alu-
minium, are more dif�cult to weld than lower-conductivity materials like nickel.[2] Ac-
cording to one study, copper also bene�ts from a higher weld current to produce strong
welds [13]. Because APR targets the high-performance segment, it uses copper tabs in
its battery modules.
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2.2.2 Veri�cation of Weld Quality

To ensure high-quality welds and eliminate faulty joints, it is essential to implement
veri�cation procedures. These methods can be categorized as either destructive or non-
destructive. Destructive tests involve applying force to bend, stretch, twist, or break
the welded joint to determine its mechanical strength. According to the literature, a
successful nickel weld may require a force in the range of 66–194 N to break [5, 9]
while copper has been recorded to have breaking forces of around 10 N at (2kA) [13].

Among non-destructive methods, visual inspection is the most commonly used. While
it can indicate surface-level defects, it does not provide quantitative information about
weld strength. A more advanced non-destructive method is ultrasonic testing, where
high-frequency sound waves are transmitted through the weld area. The interpretation
of the resulting signal can yield insights into the weld's internal structure and strength
[9].

Another approach, described in [8], involves simulation. While simulations are valuable
for selecting suitable welding parameters during development, they are not suitable for
verifying the quality of actual welds after production.
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3 Method

The development followed a sequential yet exploratory work�ow (see Figure. 6). It be-
gan with a prestudy consisting of a literature review on micro-resistance spot welding, a
analysis of existing commercial solutions and a short interview study with four operators
of the existing system. Insights from the prestudy were then distilled into a quantitative
requirement speci�cation that de�ned target weld current, throughput, fault-detection
capabilities and user-interface needs (Section 3.2).

Guided by those requirements, the hardware and software were designed and imple-
mented. While the implementation process was largely iterative and relied heavily on
hands-on trials, theoretical principles were applied to guide key decisions and ensure
the robot met the necessary performance requirements.

The �nished prototype was then subjected to an experimental campaign consisting of
1 000 welds on an 154-cell dummy module. Key performance indicators—weld cur-
rent, joint strength, cycle time and fault-detection rate—were logged and later analysed
against the speci�cation.

Figure 6: Methodology �owchart

The design of the spot welding robot evolved through a combination of practical exper-
imentation, theoretical considerations, and insights from existing commercial systems.
While the development process was largely iterative and relied heavily on hands-on tri-
als, theoretical principles were applied to guide key decisions and ensure the robot met
the necessary performance requirements.

The hardware was in�uenced by an earlier, un�nished robot design, described in sec-
tion 1.1. This initial design offered a useful starting point but required modi�cations
to incorporate essential features and address its limitations. Additionally, the design
was informed by general observations of commercial resistance spot welding machines,
which provided useful insights into effective actuation mechanisms, cable management
solutions, and ef�cient welding con�gurations.

Through a combination of experimental testing, theoretical analysis, and inspiration
from existing systems, the robot was re�ned to achieve the desired functionality and
reliability.
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3.1 Design of a user friendly GUI

To design a user-friendly graphical user interface (GUI) for the welding robot, a quali-
tative interview study consisting of two parts was conducted with four operators of the
existing system. The primary interview aimed to identify usability issues in the current
GUI and gather operator preferences for improvements.

The primary interview process consisted of the following components:

• Operators were asked to describe the strengths and weaknesses of the current
GUI, focusing on usability and ef�ciency.

• Operators were encouraged to demonstrate common work�ows to identify spe-
ci�c pain points and areas for improvement.

• Operators were asked to suggest any functions they would like to remove or add
to the current GUI.

• Operators provided input on their preferred interaction modes with the machine
(e.g., physical buttons, digital interfaces, or a combination of both).

Based on this feedback the old GUI, seen in �gure 3 will be reworked. After that a
secondary follow-up interview will be conducted, in order to make sure all areas of
improvement from the primary interview have been addressed and to collect general
opinions on the improved GUI.

3.2 Requirement speci�cation

Beyond the research questions stated in section 1.3, a requirements speci�cation has
been developed to concretize how the goals outlined in the research questions will be
achieved.

1. Productivity : Achieve a throughput of 1,500 welds per hour.

2. Fault Detection: Automatically detect electrode sticking, misalignment, and com-
mon operational faults.

3. Battery Module Coverage: Weld along the sides of battery modules.

4. User-Friendly Interface: Ensure ease of use with an intuitive interface.

5. Production Tracking: Include features for monitoring and tracking production.

6. Weld Quality Assurance: Measure critical parameters to guarantee weld quality.
Each weld joint should also withstand a 10 N pull test.
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3.2.1 Evaluation of requirements

1. Requirement 1: High Productivity
Verifying this requirement is straightforward as it is easily measurable. The
throughput of 1,500 welds per hour can be assessed by recording the system's
performance over a set period.

2. Requirement 2: Fault Detection
Fault detection will be veri�ed by logging any faults that occur during operation
and checking whether the robot successfully detected them. If signi�cant faults
do not occur naturally, efforts will be made to induce them. The reliability of
the fault detection system will be evaluated based on the detection rate observed
during these tests.

3. Requirement 3: Battery Module Coverage
In order to verify this requirement the robot should be able to reach all four sides
of the battery module without having to move the module in any way. The robot
should also perform a weld test on one side using the side welding electrodes.

4. Requirement 4: User-Friendly Interface
To verify this requirement, an interview study will be conducted with operators
to gather feedback on usability, this is described in section 3.1. A follow-up
interview at the end of the project will ensure any issues identi�ed are addressed.

5. Production tracking This requirement will be evaluated using a binary (yes/no)
approach. To meet this requirement, the system must measure a parameter that
indicates weld quality and log this data for every weld in every module.

6. Requirement 6: Weld Quality Assurance This requirement poses the greatest
veri�cation challenge due to the dif�culties outlined in Section 2.2.2. It will be
evaluated according to 3.3

3.3 Weld quality estimation

Weld quality will be assessed using both visual inspection and destructive testing. A
0.2mm copper sheet will be spot welded to the positive and negative terminals of a
battery module consisting of 154 cells. For safety reasons this test is only performed on
a module consisting of dummy cells.

Based on the guidelines presented in Section 2.2.1, a target welding current of 1000–2000A
and a weld duration of 20–40ms is de�ned. The welding robot will use an external cur-
rent sensor to verify that each weld falls within these thresholds.

Following this, each weld joint will undergo a potentially destructive peel test using a
spring scale where force is gradually increased. Due to practical limitations (see Figure.
7b) the force is measured at branching points, meaning a total of 50 N will be distributed
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